Defluoridation of water using an economic method is important to combat the issue of excessive fluoride content (>1.5 mg/L), which is very detrimental to human health, in drinking water. In the present work, micelle templated mesoporous material, MCM-41, was synthesized and explored as an adsorbent for adsorption of fluoride ions from aqueous media and the process of adsorption was 
INTRODUCTION
Fluoride is present naturally in some groundwater sources and various food items which are grown using fluoride con- Mullick & Neogi ). It has been reported in many studies that adsorption efficiency of materials becomes affected due to the variation in characteristics of water such as temperature, pH, adsorbent dose, contact time, etc. It is very important to optimize these variables in order to achieve the maximum defluoridation. Response surface methodology (RSM) may be applied for the optimization of input variables such as pH, adsorbent dose, contact time, initial concentration of target ions, in order to get the desired response in terms of percentage removal (Kaur et al. ) .
In the present study, attempts were made to synthesize micelle incorporated mesoporous material, MCM-41, and its application as an adsorbent for defluoridation of water.
The variables affecting the adsorption process were further optimized by using Box-Behnken experimental design of RSM in order to achieve maximum defluoridation.
MATERIALS AND METHODS

Chemicals
Analytical grade reagents were used in all experiments.
Tetraethylorthosilicate (TEOS) and 3-aminopropyl triethoxy silane (APTES) were purchased from Sigma-Aldrich. The surfactant, cetyltrimethylammonium bromide (CTAB) with 99% purity and standard solution of fluoride (1,000 mg/L) were procured from Merck. Double distilled water was used for preparing stock solutions and other dilute solutions of lower concentrations.
Preparation of MCM-41
A mixture of 2 g of CTAB, 7 mL sodium hydroxide (NaOH) and 80 mL of water was heated for 30 minutes at 80 C. To the clear solution, 10 mL TEOS and 1.34 mL of 3-APTES were added. White precipitates were formed after 3 minutes stirring at 300 rpm. The reaction temperature was maintained at 80 C for 2 hr.
White precipitates thus obtained were filtered, washed and dried in a hot air oven for 24 hr. These white precipitates possessed template micelles within the framework of MCM-41 and were used as adsorbent without any additional processing, such as acid treatment or pyrolysis at an elevated temperature, which may lead to the loss of template micelles.
SPADNS spectrophotometric method
The SPADNS method was used to estimate the concen- 
Batch studies
Batch studies were conducted to arrive at the optimum conditions, such as contact time, dose of adsorbent, pH and temperature, to achieve the best performance of adsorbent, as described by Kaur et al. () 
Effect of adsorbent dose
The effect of adsorbent dose on the removal of fluoride was studied by using various doses of adsorbent (0.2-1.4 g/L).
These doses were added to 30 mg/L solution of fluoride ion and after shaking for 2 hr the contents were filtered and analysed for remaining fluoride content in the solution. 
Effect of pH
The effect of pH on the removal of fluoride ions using micelle templated MCM-41 was studied with 30 mg/L fluoride ion solutions of different pH ranging from 2 to 9. One g/L of adsorbent was added into fluoride solutions of different pH and the solutions were shaken for 2 hr in a shaker and the resulting solutions analysed for fluoride content. It was found that the removal of fluoride first increases from pH 2 to 6 followed by a gradual decrease from pH 6 to 9. At low pH, the protons are available in high concentrations and may combine with fluoride anions and provide hindrance towards their adsorption on the adsorbent via ion formation between fluoride and ammonium head groups in micelle templated MCM-41 framework. As the pH increases from 2 to 6, the concentration of protons decreases gradually, which led to an increase in probability of fluoride adsorption on the surface of adsorbent (Figure 1(c) ). On the other hand, at pH > 6, hydroxyl anions may compete for cationic head groups of micelles and result in poor defluoridation. Thus, the optimum pH for the removal of fluoride ion was found to be 6 (Figure 1(c) ).
Effect of initial fluoride concentration
The effect of initial fluoride ion concentration was studied 
Adsorption isotherm studies
An adsorption isotherm is characterized by certain parameters that express the surface properties and affinity of adsorbent for adsorbate. Equilibrium data can be analysed using different models for characterization of the adsorption process as well as feasibility of an adsorbent's application for pollutant removal from aqueous solution. Correlation among the concentration of pollutant and its binding on the surface of adsorbent at constant temperature can be determined. In the present study, Langmuir, Freundlich and Temkin isotherm models were used for the description of defluoridation using micelle templated MCM-41 at various temperatures: 298 K, 308 K, 318 K and 328 K.
Langmuir adsorption isotherm
The Langmuir isotherm model analyses the uptake of adsorbate on adsorbent surface and predicts whether adsorption is favourable or unfavourable. The Langmuir equation is given by:
where C e and q e are equilibrium concentration and amount of adsorbate at equilibrium (mg/g), respectively, q max and K L are maximum adsorption capacity (mg/g) and equilibrium constant or Langmuir constant of adsorption. Langmuir adsorption isotherm was obtained by plotting C e /q e versus C e at 298 K (Figure 2(a) ). Maximum adsorption capacity for adsorption of fluoride ions using micelle templated MCM-41 and Langmuir constant were evaluated from slope and intercept, respectively, of the Langmuir adsorption isotherm. As shown in Table 1 , the Langmuir isotherm confirmed better fit to experimental data than the Freundlich and Temkin isotherms for defluoridation. The
Langmuir maximum adsorption capacity was found to be 52.91 mg/g and the equilibrium constant K L was calculated as 0.131 L/mg.
The feasibility of the adsorption can be expressed in terms of separation factor (R L ): 
Freundlich adsorption isotherm
The Freundlich isotherm is appropriate for non-ideal adsorption on heterogeneous surfaces. The Freundlich equation is given by:
where C e and q e are equilibrium concentration and amount of adsorbate at equilibrium (mg/g), respectively. 
; Madannejad et al. ).
In the present study, the value of 1/n is 0.61, which indicated normal adsorption and greater heterogeneity.
Temkin adsorption isotherm
The Temkin isotherm is based on the assumption that the free energy of adsorption is a function of surface coverage.
The Temkin adsorption isotherm equation is given by:
where A and B are Temkin isotherm constants. The value of B (slope) is equal to (RT/b) and related to heat of sorption. R is the gas constant (8.314 J/mol K) and T is the absolute temperature. C e and q e are equilibrium concentration and amount of adsorbate at equilibrium, respectively. Temkin adsorption isotherms were obtained by plotting q e versus lnC e (Figure 2(c) ). The intercept is represented by B ln A and can be calculated by linear 
Kinetic study
Adsorption of fluoride ions on the surface of micelle templated MCM-41 was studied by pseudo-first order and pseudo-second order kinetics. The linear equation of pseudo-first order can be expressed as:
where q e and q t are amount adsorbed at equilibrium time (mg/g) and any time t, respectively. k 1 is the rate constant for first order adsorption (Figure 2(d) ).
The linear equation of pseudo-second order can be expressed as:
where q e and q t are amount adsorbed at equilibrium time (mg/g) and any time t, respectively. k 2 is the rate constant for second order adsorption (Figure 2(d) ).
The value of square of regression correlation coefficient (R 2 ) was used to identify the close agreement between predicted and experimental value. The value of R 2 of pseudosecond order kinetics was found to be very close to unity compared to pseudo-first order kinetics. 
where K D (¼q e /C e ) is thermodynamic constant, R and T are universal gas constant (8.314 KJ/mol) and absolute temperature (K), respectively. C e and q e are equilibrium concentration and amount of adsorbate at equilibrium 
Optimization studies
Experiments were designed using the BBD that provide logical information for testing lack of fit with a lesser number of experiments. Information was further used for optimization of three variables (Table 4) and to further understand their interactive effects.
Analysis of variance (ANOVA)
The sufficiency of the model was determined by ANOVA. Table 5 includes the related analysis of variance for adsorption 
Response surface (RS) plots
The graphical illustration of the response surface of the adsorbed fluoride ions relative to the three variables was used to understand the interactions between variables and 
Practical implications of current work
It is well known that fluoride is safe for dental health at low concentrations but its consumption in large amounts is very
hazardous Attempts were made to compare the performance of micelle templated MCM-41 with other adsorbents already available in the literature to explore its effectiveness as an 
